Tpl-2 expression is induced within 30-60 min after ConA stimulation of rat splenocytes, suggesting that it may contribute to the induction of IL-2 during T cell activation. Herein we show that wild-type and carboxyl-terminally truncated (activated) Tpl-2 activate the nuclear factor of activated T cells ( 
T cell activation is induced via the interaction of antigenic peptides associated with major histocompatibility complex molecules on the surface of antigen-presenting cells with the T cell receptor (TCR)͞CD3 complex on T cells, in combination with signals delivered by one or more auxiliary receptors. Alternatively, the activation of T cells can be induced by signals generated by phorbol esters (activation of protein kinase C) and ionomycin (induction of Ca 2ϩ influx). The synergistic effect of these two signals leads to the activation of distinct signaling pathways that ultimately converge to induce interleukin 2 (IL-2) transcription within 2-5 h from the start of the stimulation (1) (2) (3) .
Induction of IL-2 during T cell activation depends on the concerted action of several transcription factors, one of which, nuclear factor of activated T cells (NFAT), is obligatory for IL-2 expression (4). NFAT, which until recently was known as a DNA binding activity that is induced shortly after T cell stimulation, is a complex factor composed of AP1 and NFAT components (5) . Four isoforms of NFAT identified to date, NFATp (NFAT1 or NFATc2), NFATc (NFAT2 or NFATc1), NFAT3, and NFATx (NFAT4 or NFATc3), are encoded by different genes (6) .
All NFAT isoforms are phosphoproteins that are expressed in different combinations in many types of cells including cells of both hematopoietic and nonhematopoietic origin (6) . Phosphorylation of NFATp at amino-terminal phosphorylation sites, mapped between residues 172-176, 178-181, and 184-188, is under the control of a kinase complex that is regulated by the phosphatidylinositol 3-kinase (7) . One component of this complex, GSK3, is negatively regulated by Akt (8) . Phosphorylation at these sites inactivates NFAT by promoting nuclear export and cytoplasmic localization (9) . Similarly, nuclear translocation of NFATx is inhibited by phosphorylation at Ser 163 and Ser 165 mediated by JNK2 (10) . Dephosphorylation of these residues by calcineurin, a phosphatase activated by signals that increase cytoplasmic calcium levels, induces nuclear translocation and activation of the protein. Therefore, NFAT activity depends on opposing signals that regulate its phosphorylation (11) .
Signals that activate NFAT may do so both by regulating the phosphorylation of different NFAT isoforms and by regulating their expression. Thus, in unstimulated human peripheral blood T cells NFATc is not expressed, whereas NFATp and NFATx are expressed constitutively but are inactive. Ionomycin stimulation induces NFATc expression and activates NFATc and NFATp but not NFATx (12) .
Earlier studies identified NFAT as a transcription factor involved in the induction of IL-2 during T cell activation. More recent studies, however, revealed that activated NFAT contributes to the expression of several additional cytokines in different cell types (6) . In T cells, activation of NFAT is not only observed during stimulation but also during development. Thus, it has been shown that NFAT is not active in CD4 ϩ ͞CD8 ϩ thymocytes and that it is activated as the cells undergo positive selection and progress to the single positive state. The lack of NFAT activity in double positive cells correlates with their inability to secrete cytokines (13) . Finally, NFAT interacts with the cell cycle and apoptotic machineries. Thus, NFAT activation promotes G 1 phase progression and, in the absence of complimentary signals, induces apoptosis (14) . Bcl-2, a molecule that inhibits G 1 phase progression and apoptosis, binds calcineurin and inhibits NFAT activation (14) . On the other hand, Bax, a molecule that promotes G 1 phase progression and apoptosis, inhibits the interaction between Bcl-2 and calcineurin and ablates the Bcl-2 inhibitory effect on NFAT activation (15) .
The gene encoding the Tpl-2 kinase was cloned by provirus tagging from Moloney murine leukemia virus (MoMuLV)-induced rat thymomas and is primarily expressed in spleen, thymus, and lung. Provirus integration in Tpl-2 occurs during tumor progression in 22.5% (9 of 40 thymomas) of MoMuLVinduced thymomas (16, 17) . Tpl-2 spans a 35-kb genomic DNA region and consists of eight exons (17) . The provirus always integrates in the last intron of, and in the same transcriptional orientation as, Tpl-2. Provirus insertion at this site induces high levels of expression of a Tpl-2 mRNA transcript that encodes a protein with an altered carboxyl-terminal tail. In this truncated protein, the 43 carboxyl-terminal amino acids encoded by the last exon are replaced by 7 amino acids encoded by intron sequences (16) . The carboxyl-terminally truncated Tpl-2 exhibits a 5-to 7-fold increase in its constitutive kinase activity and is highly oncogenic (18) .
Earlier studies on the signaling role of Tpl-2 had shown that it transduces signals that activate the mitogen-activated protein kinase and stress-activated protein kinase (SAPK) pathways (18) (19) (20) . In this report we present evidence that Tpl-2 activates the transcription factor NFAT and induces IL-2 expression in EL4 and Jurkat cells. NFAT activation by anti-CD3 in the same cells is blocked by the kinase-dead Tpl-2K167M mutant, suggesting that in these cells Tpl-2 is involved in the transduction of NFAT activation signals originating in the T cell receptor. Although the Tpl-2-mediated induction of IL-2 is limited to only a few T cell lymphoma lines, the Tpl-2-mediated activation of NFAT appears to be a universal feature of both hematopoietic and nonhematopoietic cells. Of the various NFAT isoforms, Tpl-2 activates NFATp but not NFATx and affects the activity of NFATc only marginally.
MATERIALS AND METHODS
Cells and Cell Culture. Jurkat cells were maintained at 37°C and 5% CO 2 in RPMI 1640 medium supplemented with 10% (vol͞vol) fetal bovine serum and penicillin (50 international units͞ml), streptomycin (50 g͞ml), and kanamycin (100 g͞ml) (PSK). Jurkat cells stably transfected with a simian virus 40 (SV40) large tumor antigen expression construct and an NFAT͞lacZ reporter construct (TAg-Jurkat) (5) were provided by G. Crabtree (Stanford University) and they were cultured in the same medium as Jurkat cells but supplemented with G418 (400 g͞ml) and hygromycin (400 g͞ml). EL4 cells were maintained also at 37°C and 5% CO 2 in DMEM supplemented with 10% horse serum and PSK. NIH 3T3 cells and SR␣ or SR␣-Tpl-2wt-transfected NIH 3T3 cells were maintained in DMEM supplemented with 10% calf serum and PSK. To induce activation, EL4, Jurkat, and TAgJurkat cells were treated with phorbol 12-myristate 13-acetate (PMA; 10 nM) and ionomycin (2 nM) for 8 h. TAg-Jurkat cells were alternatively treated for 8 h with the anti-CD3 monoclonal antibody OKT3 (1 g͞ml), provided by A. Altman (La Jolla Institute of Allergy and Immunology).
Plasmids. The reporter plasmid IL-2͞CAT (15deltacxCAT) containing 326 bp of the IL-2 promoter upstream of the transcriptional initiation site (21) was provided by G. Crabtree. The reporter construct NFAT͞CAT (pSPNFAT͞CAT) containing three NFAT binding sites (AGAAAGGAGGAAAAACTGTT-TCATACAGAAGGCGTT) upstream of the minimal SV40 promoter and the mutant pSPNFATmAP-1͞CAT containing three mutant NFAT sites (AGAAACGTCCTAAAACTGTT-TCATACAGAAGGCGTT) (22) were provided by C. Thompson (University of Chicago). HA-NFATc (pSH102) (23), FlagNFATp (pSH202), and Flag-NFATx (pSH250) constructs were provided by G. Crabtree.
IL-2 Assays. EL4 cells stably transfected with wild-type or carboxyl-terminally truncated Tpl-2 were selected with puromycin (2.5 g͞ml). Culture supernatants were harvested during logarithmic-phase growth. Supernatants of transiently transfected EL4 or Jurkat cells were harvested 36 h after transfection. Human IL-2 (Jurkat cells) and mouse IL-2 (EL4 cells) were measured by quantitative ELISA assays according to the protocols provided by the manufacturers of the IL-2 ELISA kits (Intertest-2X, Genzyme, for the murine IL-2; IL-2EASIA, Medgenics, Fleurus, Belgium for the human IL-2). The concentration of IL-2 was estimated in pg͞ml.
Transient Transfections and Chloramphenicol Acetyltransferase (CAT) Assays. Approximately 10 7 EL4 or Jurkat cells were transiently transfected by electroporation at 260 mV and then harvested 44 h later. Selected cultures were stimulated with PMA and ionomycin 8 h prior to harvesting. Transfections were carried out with 8 g of IL-2͞CAT or 5 g of pSPNFAT͞CAT reporter constructs in combination with 2.5 g of each expression construct (5 g, total) and 1 g of a CMV-␤gal expression construct. If only one expression construct was used in addition to CMV␤Gal, 2.5 g of the CMV5 empty vector was added to bring the total amount of vector DNA containing the cytomegalovirus (CMV) promoter to 6 g per transfection. The amount of electroporated DNA was brought to a total of 20 g by adding pBluescript. Each transfection was carried out in quadruplicate and every experiment was repeated at least twice. Transient transfections in NIH 3T3 cells were carried out by using Lipofectamine (GIBCO͞BRL) according to the protocols provided by the manufacturer. Briefly, 1 g of each expression plasmid (2 g, total) and 500 ng of reporter plasmid were transfected transiently in 2.5 ϫ 10 5 NIH 3T3 or NIH 3T3⅐Tpl-2wt plated 1 day earlier in six-well plates.
CAT assays were performed as described (24) . The acetyltransferase reaction was carried out for 3 h. The acetylated and the nonacetylated forms of [ 14 C]chloramphenicol (Amersham) were separated on TLC plates (Sigma). Chloramphenicol acetylation was quantitated by using a Fuji phosphor-imager and Fuji MAC-BAS V2.2 software. CAT assays in NIH 3T3 cells were performed as described (25) . Cells were lyzed by three freezethaw cycles 48 h after transfection, normalized for transfection efficiency according to the results of a ␤-galactosidase (␤gal) assay (26) and analyzed for CAT activity by measuring diffusion of the 3 H-acetylated form in scintillation fluid (24) . The relative CAT activity in each experiment was calculated by assigning the highest CAT activity in each experiment the arbitrary value of 100. Other values were calculated as percentages of the highest value.
Nuclear Extracts and Electrophoretic Mobility Shift Assays (EMSA). Jurkat cells were transiently transfected by electroporation with the indicated constructs and then harvested 42 h later. Some of the nontransfected cultures were stimulated with PMA and ionomycin for 6 h prior to harvesting, as indicated. At harvesting, cells were lysed in a buffer containing 10 mM Hepes, 10 mM KCl, and 0.2 mM EDTA. Nuclei were isolated by centrifugation at 4,000 rpm in a microcentrifuge and nuclear proteins were extracted by using a buffer containing 20 mM Hepes, 25% glycerol, 0.4 M NaCl, 0.2 mM EDTA, 0.5 mM DTT, and complete proteinase inhibitors (Boehringer Mannheim). Protein concentration was measured by the Bradford assay (Bio-Rad). Double-stranded oligonucleotides were end-labeled with [␥-32 P]ATP and T4 polynucleotide kinase (New England Biolabs) (24) . Binding of nuclear extracts to labeled oligonucleotides was carried out by incubating approximately 7 g of protein and 10 5 cpm (0.5 ng) of labeled oligonucleotides in 20 l at room temperature (ϳ20°C) for 15 min. The binding buffer contained 4 mM Tris⅐HCl (pH 7.5), 80 mM NaCl, 0.5 mM ZnSO 4 , 5% glycerol, 0.5% DTT, and poly(dI-dC) (0.2 mg͞ml). To compete the binding, a 100-fold excess of unlabeled oligonucleotide was added to the binding reaction before adding the labeled oligonucleotide. Unbound oligonucleotides were separated from DNA-protein complexes in a 6% polyacrylamide gel.
Detection of NFAT Proteins by Immunofluorescence. NIH 3T3 cells stably transfected with an SR␣-based wild-type Tpl-2 construct, or the empty SR␣ vector, were transiently transfected with hemagglutinin (HA)-NFATc, Flag-NFATp, or Flag-NFATx expression constructs. Transient transfections were carried out by using Lipofectamine (GIBCO͞BRL). Thirty-six hours later cells were fixed in 3.5% paraformaldehyde and stained with anti-HA (HA.11 mouse monoclonal antibody, Babco, Richmond, CA) or anti-Flag (M2, Kodak) antibodies and with fluorescein isothiocyanate-conjugated anti-mouse IgG secondary antibody (Sigma). Cells were visualized by confocal microscopy.
RESULTS

Tpl-2 Induces IL-2 Expression in EL4 and Jurkat Cells.
Stimulation of T cells with a combination of signals induces expression of IL-2 and its receptor (IL-2R␣). This event marks the commitment of T cells to later activation events (27) . Interaction of IL-2 with the IL-2 receptor leads to the expression of a series of cytokines that promote cell growth and differentiation (28) . In addition to normal T cells, certain T cell lines retain the ability to express IL-2 either via the combined stimulation of TCR and CD28 or via stimulation with pharmacological agents. EL4 and Jurkat cells, for example, express IL-2 when stimulated with antibodies to CD3 and CD28 (29) or with PMA and ionomycin (30) .
Tpl-2 expression precedes the expression of IL-2 after stimulation of rat spleen cells with Con A. Therefore, it could contribute to the induction of IL-2 in stimulated T cells (16) . To test this hypothesis, EL4 cells stably transfected with Tpl-2 expression constructs were analyzed to determine whether they secrete IL-2. The results showed that cell clones transfected with both wildtype and carboxyl-terminally truncated Tpl-2 express Tpl-2, as determined by Northern blotting (data not shown) and secrete IL-2 (Fig. 1A) . To determine whether Tpl-2 induces IL-2 expression in cells other than EL4, we transiently transfected both wild-type and carboxyl-terminally truncated Tpl-2 constructs in Jurkat cells. EL4 cells transiently transfected with the same Tpl-2 expression constructs were used as controls. Thirty-six hours later IL-2 secretion was measured by ELISA in the medium of the transfected cultures. The results showed that although both wild-type and truncated Tpl-2 trigger IL-2 secretion in EL4 cells, only the truncated Tpl-2 induces IL-2 in Jurkat cells ( Fig. 1 B and  C) . The Tpl-2-mediated induction of IL-2 in different cell lines suggests that Tpl-2 may contribute to the transduction of signals that regulate the activity of the IL-2 promoter. While these data were being prepared for publication, an independent study was published also showing that carboxyl-terminally truncated Tpl-2 induces IL-2 expression in Jurkat cells (31) .
Tpl-2 Activates the IL-2 Promoter: The Role of NFAT. To determine whether the induction of IL-2 was due to the activation of the IL-2 promoter, we cotransfected Tpl-2 with a construct containing a 326-bp IL-2 promoter fragment linked to the CAT gene ( Fig. 2A) . Expression of the CAT reporter was measured enzymatically. The results showed that both wildtype and truncated Tpl-2 activate the IL-2 promoter in EL4 cells (Fig. 2B) , whereas only the truncated form of the protein activates the IL-2 promoter in Jurkat cells (Fig. 2C) . These results correspond to the results in Fig. 1 showing that both forms of Tpl-2 induce IL-2 expression in EL4 cells whereas only the truncated form induces IL-2 expression in Jurkat cells.
The IL-2 promoter contains five NFAT binding sites, an NF-B binding site, and two Oct-1 sites (4). It has been previously shown that, among these factors, NFAT is obligatory for the induction of IL-2 expression during T cell activation (32) . We, therefore, examined the effects of Tpl-2 on the activity of a CAT reporter construct in which the reporter is under the control of a minimal SV40 promoter with three copies of the NFAT binding site placed upstream. This reporter was cotransfected with Tpl-2 into EL4 cells and the activity of the promoter was monitored by measuring CAT activity. A reporter construct with three mutant NFAT binding sites upstream of the minimal SV40 promoter was used as a control. The results showed that Tpl-2 activates the promoter flanked by the wild-type (Fig. 2D, bars 3 and 5) but not the mutant NFAT binding sites (Fig. 2D, bars 4 and 6 ). In agreement with the IL-2 promoter data, only the truncated form of Tpl-2 induced NFAT activation in Jurkat cells (Fig. 2E) .
Additional experiments used EMSAs to determine whether Tpl-2 induces NFAT binding activity in nuclear extracts of transiently transfected Jurkat cells. The results showed that the carboxyl-terminally truncated Tpl-2 induces NFAT binding activity in these cells (Fig. 3, lane 2) whereas the kinase-dead Tpl-2K167M does not (Fig. 3, lane 3) .
Wild-Type Tpl-2 Acts Synergistically with NFATp and NFATc to Activate the IL-2 Promoter and an NFAT-Driven Promoter in
Jurkat Cells. To confirm that Tpl-2 activates NFAT and to determine which NFAT isoform(s) may be activated by Tpl-2, we examined the potential synergism between wild-type Tpl-2 and the NFAT isoforms NFATc, NFATp, and NFATx. To this end, we cotransfected expression constructs of these NFAT isoforms and wild-type Tpl-2 with the reporter constructs IL-2͞CAT or NFAT͞CAT in Jurkat cells. The results showed that wild-type Tpl-2 does not activate either of the two promoters. However, it acts synergistically with NFATp and, to a lesser degree, with NFATc but not with NFATx to induce IL-2͞CAT (Fig. 4A , bars 7-9) and NFAT͞CAT activity (Fig. 4B, bars 7-9 ).
Tpl-2 Activates NFATp in NIH 3T3 Cells. To determine whether the synergism of Tpl-2 with NFATp and perhaps NFATc occurs in cells other than the two T cell lines tested, we examined the ability of wild-type Tpl-2 to act synergistically with NFATp, NFATc, and NFATx in NIH 3T3 cells. To this end, we tested NIH 3T3 cells transfected stably with an SR␣-based expression construct of the wild-type Tpl-2 tagged at its carboxyl terminus with an HA-tag (Tpl-2wt-HA) or with vector only. These cells were transiently cotransfected with SR␣-based expression constructs of Flag-NFATp, HA-NFATc, or Flag-NFATx and the NFAT͞ CAT reporter construct. CAT activity was measured in cell lysates harvested 48 h later. The results (Fig. 5A) of Tpl-2 and the same NFAT isoforms in NIH 3T3 and 293 cells (data not shown).
The synergism between wild-type Tpl-2 and NFATp suggests that either Tpl-2 induces signals that activate NFATp or that Tpl-2 and NFATp induce complementary signals that converge to activate the NFAT-driven promoter. To distinguish between these possibilities, we examined whether Tpl-2 alters the subcellular localization of NFATp. To this end, the stably transfected NIH 3T3 cells used in the preceding experiment (Fig. 5A) were transiently transfected with an SR␣-based expression construct of Flag-NFATp. HA-NFATc and Flag-NFATx expression constructs were transfected separately as controls. Thirty-six hours later, the subcellular localization of the NFAT proteins was determined by immunofluorescence with antibodies against the HA-or Flag-epitope tags. The results showed that all NFAT isoforms were cytoplasmic in cells that did not overexpress Tpl-2 ( Fig. 5 B-D) . In cells that overexpressed Tpl-2, NFATp but not NFATc or NFATx was nuclear (Fig. 5 B-D) . This observation confirmed the activation of NFAT by Tpl-2. Because Tpl-2 also activates NFATc although weakly (Fig. 4 and 5A) , our inability to detect nuclear translocation of NFATc in Tpl-2 expressing cells is likely to reflect the fact that NFATc may translocate in response to Tpl-2 but that its translocation is minimal and quantitatively below the level of detection.
The Dominant Negative Mutant Tpl-2K167M Inhibits Anti-CD3-Induced but Not PMA-Plus Ionomycin-Induced Activation of NFAT. To determine the physiological relevance of the activation of NFAT by Tpl-2, we tested whether Tpl-2K167M, a (5) . These cells were chosen because they respond to stimulation by anti-CD3 (33), because of the large tumor antigen, they express transiently transfected constructs at high levels. Stimulation of the TAg-Jurkat TCR with the anti-CD3 antibody OKT3 induces activation of the NFAT͞CAT reporter construct (Fig. 6, bars 1 and 2 ). When the kinase-dead mutant of Tpl-2 was expressed in this cell line, however, anti-CD3 could no longer activate this promoter (Fig. 6, bar 4) , suggesting that signals originating in the T cell receptor are transduced via Tpl-2. The same kinase-dead mutant was unable to inhibit NFAT activation induced by PMA and ionomycin (Fig. 6 , bars 5 and 6).
DISCUSSION
Evidence presented in this report shows that forced expression of Tpl-2 in T cell lines induces IL-2 gene expression and activates transiently transfected reporter constructs driven by the IL-2 promoter or an NFAT-regulated minimal SV40 promoter. lines. Thus, T cells from spleen and thymus of Tpl-2 transgenic mice, as well as other T cell lymphoma lines overexpressing Tpl-2, do not express IL-2 in the absence of stimulation. Moreover, spleen cells from Tpl-2 ''knock-out'' mice express IL-2 after stimulation with anti-CD3 and anti-CD28 antibodies (data not shown). Therefore, Tpl-2 activates NFAT in all cells tested to date but induces IL-2 expression in some T cell lymphoma lines but not in normal T cells. The activation of NFAT by Tpl-2 may, therefore, allow induction of IL-2 and other cytokines in some hematopoietic cell tumors depending on the activity of other complementary pathways. Independent of its involvement in cytokine gene expression, however, the activation of NFAT in different cell types is likely to play an important role in mediating the Tpl-2-induced oncogenic effects by altering the regulation of cell growth and apoptosis (14) .
The data in this report showed that in Jurkat cells, Tpl-2 is involved in the transduction of signals that originate in the T cell receptor and activate NFAT and the IL-2 promoter. However, Tpl-2 may also be involved in the transduction of other extracellular signals. Thus, we have shown that Tpl-2 transduces tumor necrosis factor (TNF) ␣ signals originating in TNF-R1 (C.P., C.T., and P.N.T., unpublished results). Although TNF-R1 signals may not activate NFAT, it was recently shown that NFAT is activated by TACI, a CAML-interacting molecule with similarities to TNF-R1 (34) . The potential role of Tpl-2 in the transduction of NFAT activation signals originating in the TACI receptor is currently under investigation.
Nuclear localization of NFAT is controlled by phosphorylation. Thus, it has been shown that a GSK3 containing kinase complex, present in the nucleus, phosphorylates and stimulates nuclear export of NFATc (9) . Because GSK3 has been reported to be negatively regulated by phosphorylation by the phosphatidylinositol 3-kinase-regulated protein kinase Akt (8), these findings suggest that nuclear export of NFAT may be inhibited by phosphatidylinositol 3-kinase and Akt. The findings reported here suggest that Tpl-2 may contribute to the nuclear translocation of NFAT perhaps by mediating signals that lead to the activation of phosphatases, which, in turn, promote NFAT dephosphorylation. Collectively, therefore, these findings suggest that Akt and Tpl-2, two oncogenes associated with the induction of T cell neoplasms (16, 35) , are likely to cooperate in T cell oncogenesis by promoting NFAT activation by different mechanisms.
Tpl-2 induces nuclear translocation of NFATp in NIH 3T3 cells but is unable to induce nuclear translocation of NFATx. The failure to activate NFATx could be due to the Tpl-2-mediated activation of the SAPK͞JNK pathway (18, 20) . MKK7 (JNK-2) phosphorylates NFATx on Ser 163 and Ser 165 and blocks the nuclear translocation of NFATx in response to calcineurin (10) . The potential involvement of the Tpl-2-mediated activation of the SAPK͞JNK pathway in blocking the nuclear translocation of NFATx in response to Tpl-2 is currently under investigation.
Overall, the data presented in this report show that Tpl-2, a protooncogene associated with tumor progression in retrovirus-induced rodent T cell lymphomas (16) and mammary carcinomas (36) , activates NFAT in addition to the mitogenactivated protein kinase and SAPK pathways (18) (19) (20) . The Tpl-2-mediated activation of NFAT in both hematopoietic and nonhematopoietic cells defines a molecular mechanism that may contribute to the oncogenic potential of Tpl-2.
